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LASER VELOCIMETER MEASUREMENTS OF TWO-BLADED HELICOPTER 
ROTOR FLOW FIELDS 
James C. Biggers,  Albert  Lee,* Kenneth L. Orloff 
Ames Research Center 
Opal J. Lemmer 
A m e s  D i r e c t o r a t e ,  USAAMRDL 
SUMMARY 
This r e p o r t  p re sen t s  d a t a  from a wind tunnel  i n v e s t i g a t i o n  of the 
A 2-component l a s e r  ve loc imeter  flow f i e l d s  around h e l i c o p t e r  r o t o r s .  
w a s  used t o  measure t h e  v e l o c i t y  f i e l d s  of two 2.1 m diameter  r o t o r s .  A 
minicomputer-based o n l i n e  data system is descr ibed  which monitored, 
reduced, and p l o t t e d  t h e  r e s u l t s .  
d i s tu rbances  i n  t h e  f low f i e l d ,  bu t  present  t h e o r i e s  do not  p red ic t  
vo r t ex  p o s i t i o n s  and v e l o c i t y  d i s t r i b u t i o n s  wi th  s u f f i c i e n t  accuracy.  
Therefore ,  t h e  measurements i n  this experiment were concent ra ted  near  
t h e  v o r t i c e s ,  and d a t a  were obta ined  from which v o r t i c e s  and t h e i r  
i n t e r a c t i o n s  with a fol lowing blade Fay be s tudied .  
sen ted  h e r e i n  provide a base f o r  developing improved r o t o r  wake theo r i e s .  
T+.p v o r t i c e s  c o n s t i t u t e  t h e  pr imary  
The r e s u l t s  pre- 
- 
























b lade  precone angle 
lateral c y c l i c  p i t c h  
l o n g i t u d i n a l  f1appit;g angle r e l a t i v e  to s h a f t  
l o n g i t u d i n a l  cyclic p i t c h  
number of b lades  
lateral f l app ing  angle relative t o  shaft 
blade  chord 
r o t o r  l i f t  c o e f f i c i e n t ,  LIFT/p(QR)2bcR 
r o t a t i o n a l  t i p  Mach number 
r o t o r  r o t a t i o n a l  speed, rpm 
tunnel  dynamic pressure ,  1/2pV 2 
r o t o r  rad ius  
t i p  speed 
streamwise v e l o c i t y  component normalized with t i p  speed, 
p o s i t i v e  downstream 
free-s t ream v e l o c i t y  
t i p  speed r a t i o  
v e r t i c a l  v e l o c i t y  component normalized with t i p  speed, 
p o s i t i v e  upward 
d i s t a n c e  downstream from hub cen te r  











distance above hub center 
shaft t i l t  from vertical,  positive for top a f t  
t i p  path plane angle-of-attack, positive leading edge up 
col lect ive pitch angle at 0.75R radial station 
blade twist, from hub center to t i p  
a i r  density 
rotor sol idity , bc/IIR 
rotor azimuth 
rotor rotational speed, Rad/sec 
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INTRODUCTION 
Previous i n v e s t i g a t i o n s  of h e l i c o p t e r  flow f i e l d s  us ing  a laser 
velocimeter (LV) have been r epor t ed  i n  r e fe rences  1-4. This new 
device o f f e r s  t h e  oppor tuni ty  t o  g r e a t l y  improve knowledge of t h e  
complicated flow f i e l d s  of h e l i c o p t e r  r o t o r s .  References 1-3 r epor t ed  
methods of a p p l i c a t i o n  f o r  t h e  LV and d a t a  a c q u i s i t i o n  and a n a l y s i s  
techniques being developed. Reference 4 demonstrated that t h e  LV 
may be  used t o  deduce the l i f t  loading along a r o t o r  blade. 
showed t h e  a b i l i t y  of t h e  LV t o  measure the  d e t a i l e d  v e l o c i t y  s t r u c t u r e  
of model r o t o r  t i p  v o r t i c e s .  
It also 
The b lade  t i p  v o r t i c e s  c o n s t i t u t e  the primary d i s tu rbances  in the 
r o t o r  wake, and c o n t r i b u t e  s i g n i f i c a n t l y  t o  the dynamic loads and a c o u s t i c  
c h a r a c t e r i s t i c s  of the  h e l i c o p t e r .  Various s o p h i s t i c a t e d  t h e o r i e s  have 
been developed t o  c a l c u l a t e  the  v e l o c i t i e s  i n  t h e  wake, the  vor tex  posi-  
t i o n s ,  and t h e  r e s u l t i n g  dynamic loads. These have been compared t o  
measured loads,  but i t  is not known whether the d i sc repanc ie s  are due 
t o  nonl inear  and 3-dimensional e f f e c t s  o r  t o  inaccurac i e s  in the p red ic t ed  
vo r t ex  charfic t e r i s t i c s .  It is, t h e r e f o r e ,  d e s i r a b l e  t o  o b t a i n  a c c u r a t e  
measurements of the  r o t o r  wake, the vor tex  pos i t i ons ,  and the  vo r t ex  
c h a r a c t e r i s t i c s .  The present  i n v e s t i g a t i o n  was undertaken t o  begin 
t o  f u l f i l l  these requirements. A l a s e r  velocimeter was used because 
of i t s  a b i l i t y  t o  make accu ra t e ,  nonin t rus ive  f lowf ie ld  measurements. 
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A new d a t a  s y s t e n  was developed, based on t h e  requirements  f o r  
h igher  speed data a c q u i s i t i o n  wi th  o n l i n e  process ing  and p l o t t i n g ,  
a s  ou t l i ned  i n  r e fe rence  4. It was a l s o  f e l t  that a system based 
on a minicomputer could o p e r a t e  i n t e r a c t i v e l y  wi th  the  experimenter 
to provide  monitor'ing and control of the i n v e s t i g a t i o n .  The sof tware  
and new hardware t o  perform these  func t ions  is descr bed herein.  
The earlier experiments ( r e f s .  3 and 4) and p a r t  cf t h e  present  
one used zero- twist  blades.  However, b lade  twist has a s i g n i f i c a n t  
e f f e c t  on b lade  loading,  and hence on the  t i p  v o r t i c e s .  Therefore ,  
t h e  p re sen t  i n v e s t i g a t i o n  a l s o  u t i l i z e d  b lades  having about 11 deg 
of nega t ive  l i n e a r  twist. These blades a r e  more r e p r e s e n t a t i v e  of 
c u r r e n t  h e l i c o p t e r s  , and these  r e s u l t s  shiruld then  be more u s e f u l  
t o  t h e  industry.  
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M E R  VELOCIMETER (LV) AND SIGNAL PROCESSING 
The LV used i n  t h i s  i n v e s t i g a t i o n  is the  same instrument  as is 
descr ibed i n  r e fe rences  3 and 4, but with c e r t a i n  improvements. An 
acousto-optic modulator (Bragg c e l l )  has been incorporated i n t o  t h e  
channel of t h e  velocimeter  which senses  vertical  v e l o c i t y  i n  the  wind 
tunnel.  The Bragg ce l l  was i n s e r t e d  i n t o  the o p t i c a l  path of  one of 
t h e  p a i r  of beams. The ce l l  causes the  frequency of t h e  output  beam t o  
be  s h i f t e d  by t h e  magnitude of t h e  a c o u s t i c  frequency used t o  e x c i t e  t h e  
c e l l ,  i n  t h i s  case,  40 .Wz. Then, where the p a i r  of beams c r o s s ,  i n  
t h e  tunne l  a t  the f o c a l  volume, t h e  backscat tered l i g h t  is s h i f t e d  by 
t h e  same frequency. This means t h a t  with zero v e r t i c a l  v e l o c i t y  i n  t h e  
wind t unne l ,  t h e  output  from t h e  "ve r t i ca l "  pho tomul t ip l i e r  is 40 MHz. 
This provides f o r  d i r e c t i o n a l  s e n s i t i v i t y  and a very accu ra t e  measure- 
ment of even a zero va lue  for  t h i s  v e l o c i t y  component. The measured 
v e l o c i t y  components (streamwise and v e r t i c a l )  remain uncoupled and 
r o t a t i o n  of the LV about its o p t i c a l  axis t o  avoid d i r e c t i o n a l  ambiguity 
is not  required as i n  the previous i n v e s t i g a t i o n s .  
Improved counter-type processing e l e c t r o n i c s  have now been used 
t o  handle t h e  1,'; si;;als. These new u n i t s  incorporate  a mult i - level  
d e t e c t i o n  concept which checks t h e  q u a l i t y  and shape of each b u r s t  
s i g n a l  ( i n  a d d i t i o n  t o  a p e r i o d i c i t y  check) before  v a l i d a t i o n  and 
t r a n s f e r  of t h e  d a t a .  This f e a t u r e  has g r e a t l y  improved the data  
processing r a t e  and near ly  e l iminated thc D o s s i b l l i t y  of processing 
spurious no i se  s i g n a l s .  
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Another s i g n i f i c a n t  improvement i n  t h i s  i n v e s t i g a t i o n  has been 
t h e  incorporat ion of a high-speed minicomputer with t h e  p e r i p h e r a l s  
required f o r  compa t ib i l i t y  with t h e  LV s i g n a l  p rocesso r s  and o t h e r  
e l e c t r o n i c s .  The d i g i t a l  ou tpu t s  of  t h e  counter  type processors  ire 
now accepted on a non-multiplexed b a s i s  which no t i cab ly  reduces t h e  
time required t o  c o l l e c t  any given number of v e l o c i t y  samples. 
add i t ion ,  t h e  computer system is capable  of accep t ing  a number of 
analog i n p u t s  which are d i g i t i z e d  in a sof tware-specif i e d  sequence. 
In  t h i s  experiment, t he  X, Y ,  and 2 l o c a t i o n s  of the  LV f o c a l  volume 
were analog i n p u t s  as well as the tunnel dynamic p res su re  and r o t o r  
RPY. The computer was i n s t r u c t e d  t o  test  the  q and RPY while acqu i r ing  
LV d a t a  t o  i n s u r e  t h e  c o r r e c t  f l app ing  p o s i t i o n  of the r o t o r  blade 
during t h e  "data window." I f  these va lues  were found t o  be o u t s i d e  
of prescr ibed l i m i t s ,  then t h e  LV da ta  a c q u i s i t i o n  was i n h i b i t e d  and 
a CRT t e rmina l  message w a s  displayed t o  the  ope ra to r  u n t i l  t he  va lues  
re turned w i t h i n  these  limits. This f e a t u r e  g r e a t l y  r d u c e d  s c a t t e r  
i n  t h e  d a t a  due to  i n c o n s i s t e n t  blade f lapping pos i t i on .  In a l l ,  the 
d a t a  a c q u i s i t i o n  time i n  t h i s  l a t e s t  series of experiments has been 
reduced by nea r ly  one order  of magnitude a s  compared t o  the t i m e  
required for t he  h v e s t i g a t i o n  reported i n  r e f e rence  4. 
I n  
a 
DATA ACQUISITION, REDUCTION, AlD PRESENTATION 
A PDP 11/05 minicomputer with four  f loppy d i s k  d r i v e s  and a Tekt ronix  
4014-1 CRT t e rmina l  wi th  a hard copy unit were used i n  t h i s  i n v e s t i g a t i o n .  
A block diagram of t h e  d a t a  system is shown on Figure  1. 
t o  store a l l  of  t h e  d a t a  from t h i s  test on one floppy d isk .  
It was p o s s i b l e  
The sof tware program used t o  acqu i r e  and process  t h e  incoming 
information provided t h e  experimenter wi th  computer c o n t r o l  over d a t a  
ga ther ing  and d isp lay .  The Tektronix Graphics Terminal sof tware has 
s e v e r a l  f e a t u r e s  t h a t  have made t h i s  poss ib le .  
enabled informative messages t o  appear on the  CRT sc reen  but  not  on 
t h e  hard copy. This  allowed t h e  engineer  t o  monitor tunnel  cond i t ions  
and LV f o c a l  po in t  l o c a t i o n  from t h e  CRT terminal .  
The "Write-Thru" mode 
Extensive use was a l s o  mc!e of a sof tware f e a t u r e  which allows 
the  program t o  treat any keyboard cha rac t e r  as a s p e c j a l  i n t e r r u p t  
input  t h a t  does not  appear on t h e  CkT screen.  The cha rac t e r  is s t o r e d  
and, a t  t h e  appropr i a t e  time, t he  program i n t e r r o g a t e s  the  system t o  
see i f  any keyboard e n t r i e s  have been made, then takes  the  ind ica t ed  
ac t ion .  These a c t i o n s  a r e  shown schemat ica l ly  i n  F igure  2. 
Data were displayed a s  p l o t t e d  po in t s  on s u i t a b l y  l abe led  axes 
along wi th  computed and c o s t a n t  test information ( r t n  number, computed 
advance r a t i o ,  t i p  speed, e t c . ) .  As each poin t  was taken, the  v e l o c i t y  
components were p l o t t e d  on the screen  and t h e  experimenter was asked, 
vie. a "write-thru" message on the  CRT, if t h i s  was a point  t h a t  was 
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reasonable  o r  i f  f o r  some reason the  d a t a  should be acqu i r ed  aga in  
t o  i n s u r e  r e p e a t a b i l i t y .  I f  t h e  response (a keyboard c h a r a c t e r )  w a s  
p o s i t i v e  ("Y"), It w a s  w r i t t e n  on the  disk; i f  not ("id1') ,  i t  w a s  discarded.  
If t h e  s c r e e n  became c l u t t e r e d  with discarded p o i n t s ,  t h e  l e t t e r  "K" 
entered a t  t h e  keyboard caused the  o ld  p l o t  t o  be erased and a new p lo t  
of on ly  saved p o i n t s ' t o  be produced. 
continued. Also, i f  the axes s c a l i n g  could not accommodate the  d a t a  
being acquired,  the l e t t e r  "A" en te red  a t  the keyboard caused a l l  
scaling information t o  be p r i n t e d  o u t  with i n s t r u c t i o n s  on how t o  
change it .  P l o t s  were then redrawn with the  new s c a l i n g  and a l l  data 
acqu i r ed  thus  f a r  were r e p l o t t e d .  It was not necessary f o r  t h e  eype r i -  
menter t o  h a l t  the program i n  t h e  middle of a run because the range 
which t h e  d a t a  n i g h t  span had been misjudged. Add i t iona l ly ,  t hese  d a t a  
p l o t s  could be redrawn a t  a la ter  t i m e  with t h e  same program using any 
s c a l i n g  des i r ed .  
Data ga the r ing  could then be 
Use of the  minicomputer and t h e  sof tware descr ibed above allowed 
t h e  expe r i aen te r s  t o  concen t r a t e  t he  measurements more i n  the  a rea  
where t h e  v o r t i c e s  were located.  Large s t e p  s i z e s  were u s e d  d t i r i n c  
t h e  f i r s t  p a r t  of a t r a v e i s e .  The approximate position of the 'Jortex 
was then obvious from t h e  o n l i n e  p l o t .  L m a l l  s t e p  sizes were then 
used i n  the  v i c i n i t y  of t h e  vu r t ex  t o  d e f i n e  i t s  positii7n and vel.ocity 
s t ructure .  
have been required t o  o b t a i n  the  same i n f o r m t j c n  nn  t h e  v o r t i c e s  
without t h e  on l ine  f e a t u r e s  of this da ta  system. 
I t  i s  est imated t h a t  t e n  times as many measurements w o u l d  
10 
ROTORS AM) OPERATING CONDITIOXS 
For t h i s  i n v e s t i g a t i o n ,  a two-bladed t e e t e r i n g  r o t o r  system was 
operated i n  t h e  7- by  10-Foot Wind Tunnel of t he  U. S. Army A i r  N o b i l i t y  
Research and Development Laboratory,  Ames Di rec to ra t e .  Figure 3 is a 
photograph of t h e  test setup,  showing t h e  laser beams being p ro jec t ed  
i n t o  t h e  t es t  s e c t i o n  from the observat ion window on the  l e f t .  The 
test s e t u p  i s  shown schematical ly  i n  Figure 4, which a l s o  i l l u s t r a t e s  
the coordinate  system used. 
Two se t s  o f  b l ades  were used, one with zero t w i s t  b l ades  and the  
o t h e r  w i t h  -11 deg t w i s t  blades.  Both sets a r e  made of b a l s a  wood 
covered wi th  f i b e r g l a s s  and have aluminum spa r s .  The same hub was 
used f o r  both sets of blades.  
are t abu la t ed  below. Nc f o r c e  measurements were made i n  the tests of 
zero t w i s t  blades.  Howe-Jer, t he  same ope ra t ing  cond i t ions  were repeated 
f o r  r e fe rence  5 ;  and t n s  r o t o r  l i f t  c o e f f i c i e n t  was, t h e r e f o r e ,  quoted 
i n  t h e  t a b l e  below. 
The b l ade  p r o p e r t i e s  and t e s t  cond i t ions  
Blade P r o p e r t i e s  
Number of b l ades ,  b 
Hub precone angle,  a 
Rotor r a d i u s ,  R 
Blade chord, c 
Rotor s o l i d i t y ,  u 
Blade t w i s t ,  O1 
0 
Zero-Twist Blades -11 deg Twist Blades 
2 2 
1.5 d e g  1.5 deg 
1.066 10 1.045 IL 
0.1080 m 0.0762 m 
0.O644 0.0464 
0.0 d y -10.89 de6 (nominal -11 deg) 
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Blade P r o p e r t i e s  Zero-Tiiist Blades 
Blade t a p e r  r a t i o  1.0 
A i r f o i l  i A C A  0012 
Flapping hinge undersl ing 0.0086R 
Operating Conditions,  Zero-Twist Blades 
Advance r a t i o ,  V I Q R  
Rotor r o t a t i o n a l  speed, N 
Rotor t i p  speed, AX 
Rotat ional  t i p  mach number, ?+ 
Shaf t  angle-of-attack, a- 
Col l ec t ive  ; i t ch ,  6 





Longitudinal f lappi3g, 
S 
L a t e r a l  Flapping, bl 
S 
RotJr  l i f t  c o e f f i c i e n t ,  C /a  
LR 
Operating Conditions, -11 deg Twist- B1:ides 
Tip speeri r a t i o ,  V f I l R  
Rotor r o t a t i o n a l  speed, iL' 
Rotor t i p  speed,  RK 
yt Rota t iona l  t i p  -ich number, 











3.40  dcg ( r c a f .  4 )  
1 . s ~  deg ( r e f .  3 )  
0.074 (ref. 5) 
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Qperatinn Conditions. -11 dep Twist Blades- (cont) 
Shaft ansle-of-attack, as 
Collective pitch, e.75 
-0.5, -10.0 deg 
2.94 to 10.1 deg 
Cyclic pitch relative to shaft, a , bl Is s 
Longitudinal flapping, al 
s 
Lateral flapping bl 
S 
,stor lift coefficient, C /a 
LR 
0.0 
-10 d& and * 
3.5 deg 1 e-75 = lo-l 
.0923 
* 
Flapping and force measurements are not available for the other conditions 
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RESULTS 
Veloc i ty  d i s t r i b u t i o n s  of t h e  r o t o r  f lowf ie ld  a t  var ious  ope ra t ing  
condi t ions  were measured by t r a v e r s i n g  t h e  LV f o c a l  volume along t h e  
X, Y, or  2 coordinates ,  and record ing  t h e  vertical  and streamwise 
v e l o c i t y  components. Each measurement was obta ined  by tak ing  the  
mean of 20 samples, s t robed  when the  r o t o r  was at the  s p e c i f i e d  azimuth. 
The measurements then  r ep resen t  a mean ins tan taneous  v e l o c i t y  in t h i s  
p e r i o d i c  flow environment. The v e l o c i t i e s  have been normalized by t h e  
r o t o r  t i p  speed, and the  p o s i t i o n s  have been normalized by b lade  chord. 
It should be noted t h a t  t h e  two sets of b lades  have d i f f e r e n t  aspect 
r a t i o s ,  so t h e  b lade  t i p s  are at 9.88 chords f o r  t he  zero- twist  h lades  
and a t  13.71 chords f o r  t h e  tw i s t ed  blades.  
Data from t h e  zero twist b lades  are presented i n  F igures  5-1 
through 5-14. 
and s t r o b i n g  azimuth, a s  i nd ica t ed  i n  Table I and on the  f i g u r e s .  
Table I summarizes the  d a t a  on the  zero twist b lades ,  and may be used 
as an index t o  t h e  p l o t s .  Although not  included here, t h e  300 r p s  
opera t ing  condi t ion  presented  i n  r e fe rences  3 and 4 was repea ted  t o  
v e r i f y  t h a t  t h e  re-Jised LV and da ta  system produced the  same resul ts  
as t h e  previoue system. Excel len t  r e p e a t l b 5 l i t y  was found. 
These d a t a  were a l l  a t  t h e  same opera t ing  cond i t ions  
The major i ty  of t he  present  i n v e s t i g a t i o n  was devoted t o  the  
-11' l i n e a r  twist b lades ,  and these  r e s u l t s  a r e  presen.ed i n  Fisurcs 6 
through 16. &my t r a v e r s e s  were made, a t  s t rob ing  a z i m t h s  from 50.6 
t o  90 deg. A t  each azimutn, seve 
14 
a 1  traverses wre made t l o c a t  t he  
vortex,  followed bJ one or more traverses through t h e  co re  of t he  
vortex.  
index. 
peak v e l o c i t i e s  and t h e  minimum v a r i a t i o n s  i n  the  streamwise v e l o c i t y  
p r o f i l e s .  For example, F igu res  7-12 through 7-15 show the r e s u l t s  of 
a series of traverses s t r o b i n g  at an azimuth of  90 deg, g iv ing  t h e  
v e l o c i t y  d i s t r i b u t i o n s  i n  the  v i c i n i t y  of t h e  blade and t h e  proceding 
vortex.  Figure 7-13 g i v e s  the  v e l o c i t y  d i s t r i b u t i o n  through t h e  vo r t ex  
core.  From these  r e s u l t s  i t  is appareni. t h a t  t h e  v o r t e x  c o r e  is loca ted  
a t  X = 0.76C, Y = 11.3C, and 2 = -0.3%. 
one-half of t h e  peak-to-peak v e l o c i t y ,  is 0.12 times t h e  t i p  speed. 
The p l o t s  are summarized i n  Table 11, which may be used as an 
The traverses through t h e  co res  may be recognized by the h ighe r  
The peak r o t a t i o n a l  v e l o c i t y ,  
The ex ten t  of these  flow surveys w a s  l i l o i t ed  to  the  ranges given 
i n  t h e  f i g u r e s  due t o  t h e  l i m i t e d  s i z e  of t h e  wind tunne l  obse rva t ion  
window. Also, only one s i d e  of the r o t o r  4 i s k  could be scrveyed due t o  
t h e  r e s t r i c t e d  ope ra t ing  range of the LV. For surveys of the  r e t r e a t i n g  
s i d e  of  t he  r o t o r ,  a set of blades must be used which r o t a t e  oppos i t e  t o  
t h e  ones used here,  because t h e r e  is space f o r  the LV only on one s i d e  
of t h e  tes t  sectlor?. 
I n  s p i t e  of  the l i m i t a t i o n s  discussed above, t h i s  set of r e s u l t s  
should be very u s e f u l  i n  checking and improving methods f o r  p r e d i c t i n g  
t h e  d e t a i l s  of t he  r o t o r  flow f i e l d .  
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TABLE 1 
TEST PARAMETERS OF THE FLOWFIELD NEASUREMEIJTS 
(ZERO-TWIST BLADES) 
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